Thyroid hormone and the beta isoform of its receptor, Trb, are essential for normal development of the mammalian auditory system. We have analyzed auditory system function and structure in a mouse strain with a targeted Thrb mutation, Thrb PV , which leads to the loss of binding of thyroid hormone (T3) to the Trb protein. Heterozygosity for the orthologous human THRB PV mutation and other similar mutations in human THRB cause resistance to thyroid hormone (RTH), which is occasionally associated with mild sensorineural hearing impairment. Auditory brainstem response analysis of heterozygous Thrb PV /+ mice demonstrates that they develop normal hearing. In contrast, Thrb PV /Thrb PV mice have severe hearing impairment that is already present at 3 weeks of age. This hearing loss is associated with disruption of postnatal morphogenesis of the tectorial membrane and organ of Corti. Comparison with the previously described phenotype of a Thrb ±/± knockout strain suggests that Thrb PV disrupts the function of other genes that are critical for development and/or maintenance of these structures.
INTRODUCTION
The requirement of thyroid hormone for proper development of the auditory system was recognized from early clinical observations of deaf-mutism associated with congenital hypothyroidism in cretins (Pendred 1896) . Circulating thyroid hormone is also known to be important for proper development of other tissues such as the central nervous system and bone (Yen 2001) . These developmental events are mediated through binding of thyroid hormone (T3) to the thyroid hormone receptors alpha (Tra 1 ) or beta (Trb), encoded by Thra and Thrb, respectively (Cheng 2000). Tra 1 and Trb can each bind T3 and homodimerize, or they can heterodimerize with other members of a family of ligand-dependent transcription factors, including the retinoic acid receptors. The dimeric complexes bind speci®c DNA sequences known as thyroid hormone response elements (TREs) to regulate expression of target genes (Cheng 2000) . The thyroid hormone receptors can also regulate transcriptional activity of atleast some genes via T3-independent mechanisms (Qi et al. 1997; Oberste±Berghaus et al. 2000) .
Thrb is known to be essential for normal physiologic development of the auditory system since Thrb ±/± knockout mice have severe hearing impairment that is associated with abnormal electrophysiologic maturation of inner hair cells in affected cochleae (Rusch et al. 1998) . However, morphological abnormalities are not observed in light microscopic analyses of Thrb ±/± cochleae (Forrest et al. 1996) . This ®nding is in contrast to distinct cochlear morphological abnormalities associated with hypothyroidism caused by a mutation (hyt) in the thyroid stimulating hormone (TSH) receptor (O'Malley et al. 1995; Li et al. 1999) or by pharmacologically induced hypothyroidism in mice (Deol 1973) or rats (Uziel et al. 1981) . Therefore, multiple distinct molecular mechanisms underlie the requirement of T3 for auditory system development, only some of which are mediated solely through Thrb.
In humans, a mild auditory phenotype is associated with heterozygosity for mutations in THRB that reduce T3 binding capacity and cause an autosomal dominant disorder known as resistance to thyroid hormone (RTH; OMIM #188570) (Brucker±Davis et al. 1996) . RTH is characterized by resistance of target tissues to thyroid hormones, and disruption of normal feedback inhibition results in elevated levels of circulating thyroid hormones and normal or high TSH levels (Refetoff et al. 1993) . Clinical manifestations may include paradoxical symptoms of hypothyroidism, physical growth retardation, cognitive and behavioral abnormalities, and hearing loss. The ®rst reported RTH kindred cosegregated recessive profound deafness and RTH with homozygosity for a large genomic deletion that included, but may not have been limited to, the THRB gene (Takeda et al. 1992) . However, nearly all subsequently reported RTH cases have been heterozygous for mutations that typically occur in the T3-binding domain of THRB where they are thought to exert dominant negative effects upon T3-dependent transcriptional regulation of downstream target genes. Mild sensorineural or mixed hearing loss has been reported to occur in approximately 15% of individuals affected with RTH, and conductive hearing loss occurred in about 6% of patients in the same series (Brucker±Davis et al. 1996) . It is unknown if sensorineural hearing impairment in RTH is a direct effect of the THRB mutations upon the auditory system (Brucker±Davis et al. 1996) .
In order to delineate the mechanisms by which dominant RTH mutations affect the auditory system, we have analyzed a knock-in mouse model for RTH that segregates the ortholog of a well-characterized human RTH mutation ( Fig. 1) (Kaneshige et al. 2000) . This mouse strain provides a model to dissect the interactions of Thrb with other genes mediating auditory system development and the dependence of these maturational events and gene interactions upon T3.
MATERIALS AND METHODS

Study animals
The TR-PV mouse strain segregates a cytosine insertion at nucleotide 1642 in exon 10 of Thrb. This mutation causes a frameshift of the carboxy terminal 14 amino acids of Trb (Fig. 1 ) and the complete loss of T3 binding to the mutant Trb PV protein (Parrilla et al. 1991; Kaneshige et al. 2000) . The mutation is modeled upon a human patient (PV) with severe RTH characterized by elevated thyroid hormone levels, normal TSH levels, short stature, goiter, tachycardia, and mild high-frequency sensorineural hear- ing loss (Fig. 2) (Parrilla et al. 1991) . Experimental animals were generated by intercrossing F1 or F2 progeny of the original germline chimeric TR-PV mice and were handled as per an approved NIH Animal Study Protocol. These mice therefore had mixed genetic backgrounds comprising the strains used to generate germline chimeric mice (129 and C57BL/6J) and to establish germline transmission of Thrb PV (NIH Black Swiss) (Kaneshige et al. 2000) . Thrb genotype analysis of intercross progeny was performed as described (Kaneshige et al. 2000) .
Auditory brainstem response analysis
Thrb PV /Thrb PV , Thrb PV /+, and +/+ littermate control mice were anesthetized with a single intraperitoneal injection of 2.5% Avertin (0.015 mL/g body weight). Auditory brainstem response (ABR) thresholds were measured in a sound-attenuated chamber (Industrial Acoustics Corporation, Bronx, NY), using the Auditory Evoked Potential Diagnostic System (Intelligent Hearing Systems, Miami, FL), Smart EP software (version 2.21, Intelligent Hearing Systems), and a high-frequency transducer (Intelligent Hearing Systems). Responses to 50-ls clicks and 8-, 16-, and 32-kHz tone bursts of 5-ms duration ®ltered with a cosine-squared window were recorded from the vertex to the ipsilateral mastoid using 400 averages at a click presentation rate of 19 Hz. Thresholds were determined in 5-dB steps of decreasing stimulus intensity until waveforms lost reproducible morphology.
FIG. 2.
Pure tone and speech audiometric results for PV (13 years of age), the human RTH patient with the orthologous THRB PV mutation. Puretone audiometry demonstrates bilateral gaps in air and bone conduction thresholds at low frequencies, indicating a slight conductive hearing de®cit, as well as a borderline normal-mild high-frequency sensorineural hearing loss in the left ear.
Histologic analysis
Cross sections of the cochlear duct were prepared for light microscopy as described (Lanford et al. 1999 ). Three-week and 6-week-old Thrb PV /Thrb PV and +/+ littermate mice were anesthetized with CO 2 and euthanized by induction of pneumothoraces. Neonatal (postnatal day 0/1; P0/1) mice were anesthetized and then decapitated. Heads were submerged in 3% glutaraldehyde/2% paraformaldehyde ®xative for rapid dissection of the cochleae, which were ®xed overnight and then decalci®ed in 2% EDTA in phosphate-buffered saline for 2 weeks at 4°C. Decalci®ed cochleae were dehydrated through a graded ethanol series and embedded in Immunobed (Polysciences, Torrance, CA). Sections were cut at a thickness of 3 lm and counterstained with thionin. Images were obtained on a Nikon E800 microscope using a Spot-RT camera (Research Diagnostics, Sterling Heights, MI).
RESULTS
Auditory function of TR-PV mice
Auditory brainstem response analyses were performed on Thrb PV /Thrb PV , Thrb PV /+, and +/+ mice at 6 weeks of age. Thrb PV /Thrb PV animals had severe to profound hearing impairment at all tested frequencies, with response thresholds that were signi®cantly elevated in comparison to +/+ and Thrb PV /+ littermates ( Fig. 3A±D ; p < 0.0001, two-tailed t-test). Averaged response thresholds of 6-week-old mice to click and tone burst stimuli were in the range of 72±98 dB HL for Thrb PV /Thrb PV mice, 23±43 dB SPL for Thrb PV /+, and 22±44 dB SPL for +/+ animals. The response thresholds of Thrb PV /Thrb PV mice were also measured at 3 weeks of age and were essentially identical to those measured at 6 weeks ( Fig. 3A±D ). Observable waveforms in Thrb PV /Thrb PV mice were not abnormal in their morphology, consistent with a cochlear etiology of the hearing loss. A two-tailed t-test did not detect any difference in response thresholds between Thrb PV /+ and +/+ mice at 6 weeks of age (Fig. 3A , p = 0.95 for click responses; Fig. 3B±D , p = 0.99 for pure-tone averages) or at 4 months of age ( Fig. 3B ; p = 0.40 for click responses, p = 0.72 for pure-tone averages). Circling, head-shaking, or other behaviors suggestive of underlying peripheral vestibular pathology were not observed in any Thrb PV /+ or Thrb PV / Thrb PV animals.
Cochlear dysmorphogenesis in TR-PV mice
Analysis of cochleae from homozygous Thrb PV /Thrb PV and wild-type +/+ animals revealed that the overall length and structure of the cochlear duct in Thrb PV / Thrb PV mice were normal. Development of the scala vestibuli, scala media, scala tympani, and spiral ganglion was normal in Thrb PV /Thrb PV mice (data not shown), and basilar membrane and stria vascularis development were also unaffected by the Thrb PV mutation (Fig. 4A,B) .
In contrast, the Thrb PV /Thrb PV cochleae had obvious structural abnormalities of the tectorial membrane. In comparison to +/+ littermates, the Thrb PV / Thrb PV tectorial membranes were signi®cantly thickened and shortened (Fig. 4C±F) , and did not appear to contact the organ of Corti in any turns of the cochlea. Moreover, the morphology of the tectorial membrane suggests that the observed shortening may be a result of the membrane folding back upon itself. While the tectorial membrane was deformed throughout the cochlear duct, a consistent gradient in the morphology of the membrane was observed. In the basal turn, the tectorial membrane showed the smallest degree of thickening, although the amount of folding appeared most pronounced in these regions (Fig. 4E) . In the middle turn, the degree of membrane thickening was increased compared with the basal turn, and the level of folding appeared somewhat reduced (Fig. 4B,D) . Finally, the membrane showed the greatest degree of thickening but the smallest amount of folding in the apical turn (Fig. 4F ).
There were also two predominant developmental abnormalities of the organ of Corti. One obvious defect was a highly variable loss of hair cells that ranged from an apparently normal complement of hair cells (Fig. 4E) to nearly complete degeneration (Fig. 4F) . The loss of hair cells did not consistently occur in any gradient along the length of the cochlear duct, and severe degeneration similar to that shown for the apical turn (Fig. 4F) 
Developmental timing of cochlear dysmorphogenesis
Thrb PV /Thrb PV and +/+ mice were analyzed at P0/1 and at 3 weeks of age in order to determine the timing of the effects of Thrb PV upon cochlear morphology. At P0/1, no signi®cant differences were observed in the structure of the cochlear duct, the organ of Corti, or the tectorial membrane between +/+ and Thrb PV /Thrb PV mice (Fig. 5 ). In contrast with cochleae from adult Thrb PV /Thrb PV mutants, the developing organ of Corti in Thrb PV /Thrb PV mutants at P0/1 contained a normal complement of inner and outer hair cells, pillar cells, and Deiter's cells. Furthermore, the tectorial membrane, although immature at this stage, appeared similar in morphology to the tectorial membrane in +/+ littermate control animals (Fig. 5C,D) . Histologic examination of cochleae from 3-week-old Thrb PV /Thrb PV mice revealed morphogenetic abnormalities that were essentially identical to those observed at 6 weeks of age, indicating that disruption of cochlear morphogenesis in Thrb PV /Thrb PV mice occurs between P0/1 and 3 weeks of age (data not shown).
DISCUSSION
We have analyzed auditory system function and structure in the TR-PV mouse strain, a knock-in mouse model for the human disorder resistance to thyroid hormone (RTH). The effects of Thrb PV upon the pituitary±thyroid axis, growth, and bone development are all consistent with the clinical phenotype of RTH (Kaneshige et al. 2000 (Kaneshige et al. 2000) . These results are consistent with previous observations that the orthologous human RTH mutation and other dominant RTH mutations act via a dominant negative mechanism to affect the expression of other genes important for mediating the developmental functions regulated by THRB (Meier et al. 1993; Yen and Chin 1994; Zhu et al. 1996) .
In contrast to the subset of human RTH patients with hearing loss (including patient PV with the orthologus THRB genotype), Thrb PV /+ heterozygotes did not have a detectable mutant auditory phenotype. Although severe hearing impairment was observed in homozyous Thrb PV /Thrb PV mice, it is possible that TR-PV mice may not provide an accurate model for hearing loss in human RTH since the inheritance and penetrance of the auditory phenotype appear to be different. However, there was a wide range of severity of age-related hearing loss in the intercross progeny that confounded the detection of any potential threshold differences due to the Thrb PV /+ genotype in mice that were older than 4 months of age (data not shown). This variation was likely due to segregation of at least two noncomplementary recessive alleles for age-related hearing loss in the genetic backgrounds of the mouse strains (129, C57BL/6J, and NIH Black Swiss) used to generate and maintain the TR-PV mouse line (Erway et al. 1993; Zheng et al. 1999; Kaneshige et al. 2000) . It is therefore possible that heterozygosity for Thrb PV directly causes hearing loss with an onset after 4 months of age.
Nevertheless, normal auditory function in heterozygous Thrb PV /+ mice is not unexpected given the low penetrance and mild degree of sensorineural hearing loss in human RTH (Brucker±Davis et al. 1996) . Only slightly elevated pure-tone thresholds were observed in the RTH patient with the orthologous TRb PV mutation (Fig. 2) , and it is possible that other RTH mutations may have more severe effects upon auditory function in mice and humans. However, the normal auditory response thresholds of Thrb PV /+ mice and most RTH patients may be due to modi®-cation of a potential sensorineural hearing loss phenotype by other genetic loci, differences in exposure to environmental factors such as noise or ototoxic medications, or a combination of these factors. Finally, sensorineural hearing impairment in RTH could be secondary to cochleotoxic effects from the recurrent and chronic otitis media that is often present in this disorder.
Regardless of whether TR-PV mice precisely model the hearing loss observed in human RTH, this mouse line still provides a powerful model for the genetic dissection of auditory developmental and homeostatic pathways regulated by T3 via the thyroid hormone receptors. Thrb PV homozygosity results in severe to profound sensorineural hearing loss across all frequencies (Fig. 3) . The morphologic abnormalities of the tectorial membrane and hair cells in Thrb PV / Thrb PV mice are similar to those described for mouse and rat models of deafness associated with propylthiouracil (PTU)-induced hypothyroidism (Deol 1973; Uziel et al. 1981) , as well as for hyt/hyt mice that are hypothyroid and deaf (O'Malley et al. 1995; Li et al. 1999) . Moreover, the disruption of cochlear morphogenesis between P0/1 and 3 weeks of age in Thrb PV /Thrb PV mice temporally approximates the period of cochlear dysmorphogenesis in these other rodent models of hypothyroidism (Deol 1976; Uziel et al. 1981) . In contrast, the deafness observed in Thrb ±/± knockout mice is not associated with any morphologic defects that are detectable by light microscopy (Forrest et al. 1996) , although their inner hair cells exhibit abnormal electrophysiological maturation (Rusch et al. 1998) . Taken together, these results indicate that thyroid hormone mediates development or maintenance of the auditory system via several pathways, one of which requires Thrb for the electrophysiologic maturation of hair cells. Thrb PV / Thrb PV inner hair cells have not been evaluated electrophysiologically, although the electrophysiologic defect would likely be present if Thrb regulates this particular developmental event in a T3-dependent manner. Decreased levels of circulating thyroid hormone must affect additional auditory developmental events that are not directly mediated by Thrb since morphologic abnormalities are present in the cochleae of hyt/hyt (O'Malley et al. 1995; Li et al. 1999 ) and PTUtreated mice (Deol 1973) . We observed similar abnormalities in Thrb PV /Thrb PV mice, although their circulating T3 levels are increased 9-fold in comparison to wild-type levels (Kaneshige et al. 2000) . Therefore, our results suggest that disruption of cochlear morphogenesis is not a direct effect of decreased circulating T3 levels on the functions of genes other than Thrb, but is likely to be mediated by other genes whose products associate with Trb to form heterodimers. This hypothesis is consistent with a dominant negative molecular mechanism proposed for RTH mutations in which mutant Trb proteins can dimerize with wild-type thyroid hormone receptors (i.e., Tra 1 or Trb) or other gene family members to bind target DNA sequences. The mutant Trb protein is unable to bind T3 and the resulting hybrid mutant/wild-type dimers are unable to normally regulate transcription of downstream genes (Meier et al. 1993; Zhu et al. 1996) . Genes whose products associate with Trb to form heterodimers, or target genes whose T3-dependent expression is regulated by Trb heterodimers, are good candidates for the critical genes mediating the morphogenetic events that are disrupted in Thrb PV / Thrb PV mice. It is also possible that Thrb PV exerts at least some of its effects via a gainof-function mechanism. Although our results with Thrb PV /+ mice failed to demonstrate a dominant effect of Thrb PV upon the auditory system, previous studies indicate that RTH mutations of THRB cause the endocrine phenotype in a dominant negative manner (Meier et al. 1993; Yen and Chin 1994) .
Genes whose actions in the cochlea may be altered by association of their wild-type products with mutant Trb PV proteins include Thra, genes encoding the RXR family of retinoid X receptors (for 9-cis retinoic acid), genes encoding the RAR family of retinoic acid receptors (for 9-cis and all-trans retinoic acid), and other genes encoding proteins that heterodimerize with Trb. The RXR and RAR receptors are expressed within the cochlea (Romand et al. 1998) , and retinoic acid is known to be important for proper structural development of the inner ear and the organ of Corti (Raz and Kelley 1999) . However, normal auditory function in mouse strains with compound knockout alleles of Thrb and RXR receptor genes suggests that RXR genes are unlikely to be those affected by Thrb PV . Auditory functional analyses of compound knockout strains segregating null alleles of the RAR genes and Thrb have not been reported, although mice homozygous for null alleles at single RAR loci have normal auditory function . It is possible that the functions of RXR and RAR receptor genes are affected by Thrb PV , but a high degree of functional redundancy among Thrb and these genes is suf®cient for normal auditory system development in the compound knockout mouse strains that have been analyzed thus far.
Tra 1 is also expressed within the cochlea (Bradley et al. 1994) , although Tra 1 alone does not appear to be critical for auditory system development since Thra ±/± knockout mice exhibit normal auditory function (Wikstrom et al. 1998) . In contrast, double knockout Thra ±/±; Thrb ±/± mice have more severe deafness than Thrb ±/± mice (Forrest and Vennstrom 2000) . Although cochlear histopathology in Thra ±/±; Thrb ±/± mice has not been reported, their more severe hearing loss raises the possibility that Thra function may be disrupted by Thrb PV . Thrb PV may also exert an inhibitory effect upon downstream target genes whose expression in the cochlea is normally regulated in a Thrb-independent fashion by Tra 1 and/or the retinoic acid receptors. Possible downstream targets include genes known to encode tectorial membrane components: Tecta, Tectb, Otog, Col2a1, and Col11a2. Interestingly, Col11a2 ±/± knockout mice have severe sensorineural hearing loss and a mild tectorial membrane defect that is similar to that of Thrb PV /Thrb PV cochleae (McGuirt et al. 1999) , suggesting that Col11a2 is another gene whose expression may be altered by Thrb PV . In summary, our results suggest that hearing loss in RTH patients may be a consequence of dominant negative effects of THRB mutations on cochlear morphogenesis, and TR-PV mice can be used as an animal model system to address this hypothesis. Auditory functional analyses of Thrb PV on different mouse strain backgrounds may facilitate the detection of any abnormal heterozygous phenotypes, as well as the identi®cation of genetic loci that modify the Thrb PV /+ or Thrb PV /Thrb PV auditory phenotypes. Such loci may include other genes whose functions are disrupted by Thrb PV . Subsequent to the ®nal acceptance of this manuscript, the cochleae of Thra±/±; Thrb±/± double knockout mice were reported to have morphologic abnormalities essentially identical to those we report here for Thrb PV /Thrb PV mice (Ru È sch et al. 2001 ).
